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Abstract
A silicon micromirror driven by a single S-shaped piezoelectric actuator has been demonstrated for 2-D scanning 
mirror applications. A large mirror (1.65mm x 2mm) and an S-shaped PZT actuator are formed after the fabrication 
process. Three modes of operation are investigated: bending, torsional and mixed. The resonant frequencies obtained 
for bending and torsional modes are 27Hz and 70Hz respectively. The maximum measured optical deflection angles 
obtained at 1Vpp are ±7.26° and ±1.18° respectively for bending and torsional modes. Various 2-D Lissajous patterns 
are demonstrated by superimposing two ac sinusoidal electrical signals of different frequencies (27Hz and 70Hz) into 
one signal to be used to actuate the mirror.
© 2011 Published by Elsevier Ltd.
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1. Introduction
Optical microelectromechanical systems (optical MEMS) technology have demonstrated enormous 
promises in numerous key applications such as optical communications [1-3], bio-imaging [4] and display
[5, 6]. A wide variety of designs for 2-D scanning mirrors have been reported in literature, with most of 
them deploying either the two frames or/and multi-actuators design for 2-D actuation. M. Tani et al. 
demonstrated 2-D scanning by adopting multiple meandering actuators in both inner and outer frames so 
as to accumulate angular displacement and generate large static deflection angle [7]. To the knowledge of 
the authors, single meandering piezoelectric actuated MEMS mirror for 2-D scanning purposes has not 
been reported yet. Thus, in this paper, we report the development work of a 2-D MEMS scanning mirror 
actuated by a single S-shaped PZT cantilever. A novel actuation mechanism is proposed to realize 2-D
scanning using one piezoelectric actuator. By addressing signals of different resonant frequencies to the 
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device one at a time, we can obtain translational (bending mode) and rotational (torsional mode) motions 
respectively. 2-D scanning can then be achieved by superimposing the two resonant signals into one 
signal to be used to actuate the mirror. In contrast to our previous research attempt in ref. [8] and [9], 
where 1x10 PZT arrayed actuators are designed for 2-D MEMS mirror scanning applications, this current 
design demonstrates improvement in terms of scanning performance, number of PZT actuators and 
bonding pads. 
2. Design & Modeling
(a) (b)
(c)
(a) (c)
Fig. 1. (a) Schematic diagram of 2-D scanning mirror actuated by S-shaped PZT actuator. Bending and torsional mode occur when 
the device is excited at their resonant frequencies of bending and torsional modes respectively ; Finite element modal analysis for 
the S-shaped actuator design during (b) bending mode (c) torsional mode using simulation software ABAQUS. Simulated resonant 
frequencies of 34.9Hz and 72.1Hz are obtained for bending and torsional mode respectively.
A schematic diagram of the PZT MEMS 2-D scanning mirror demonstrated in this paper is shown in 
Fig. 1(a). The dimensional parameters of the device are summarized in Table I. The mirror plate is driven 
by a S-shaped PZT actuator, which is capable of 6 degrees of freedom of movement. The actuator main 
composition consists of a top electrode layer (Pt/Ti), a piezoelectric thin film (PZT) and a bottom 
electrode layer (Pt/Ti). The top and bottom electrodes are each connected to their individual bond pads. A 
proof mass is left beneath the mirror to maintain the rigidity and flatness of the reflecting surface during 
motion. Bending mode occurs in both static and dynamic actuations. When an ac or dc bias is applied to 
the piezoelectric actuator, the actuator bends and causes the mirror to undergo translational and rotational 
movement along the y-axis. Torsional mode is induced during dynamic actuation, when ac resonant 
frequency corresponding to rotational motion along x-axis is applied to the device. To better understand 
the operation modes, finite element analysis is done using the software ABAQUS. As shown in Fig. 1(b) 
and 1(c), simulated resonant frequencies of 34.9Hz and 72.1Hz are obtained for bending and torsional 
mode respectively.  
Table 1. Dimensions of 2-D MEMS scanning mirror
3. Device Fabrication
Fig. 2(a) shows the microfabrication process flow of the 2-D MEMS mirror investigated in this paper. 
A silicon-on-LQVXODWRU 62, ZDIHU ZLWK 6L GHYLFH OD\HU WKLFNQHVV RI ȝP EXULHG R[LGH %2; OD\HU
WKLFNQHVVRIȝPDQG6L KDQGOH OD\HURIȝPZDVXVHGDV VWDUWLQJPDWHULDO7KHSURFHVVEHJDQZLWK
Pt/Ti/PZT/Ti/Pt/SiO2 multilayer deposition on a SOI wafer. The SOI wafer was first oxidized at 1100°C 
WRIRUPDWKHUPDOR[LGHOD\HU$IWHUWKHR[LGDWLRQ3WȝP7LȝPWKLQILOPVWREHXVHGDVERWWRP
HOHFWURGH PDWHULDOV ZHUH GHSRVLWHG E\ '& PDJQHWURQ VSXWWHULQJ ȝP WKLFN 00)-orientated 
Chip Si mirror plate S-shaped PZT actuator
5.2mm × 4.2mm 1.65mm long ×
2mm wide ×
0.4mm thick 
Longitudinal (x-direction): 1.6mm 
Transverse (y-direction): 3.6mm 
Thickness (z-direction): 9.2ȝm       
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Pb(Zr0.52Ti0.48)O3 film was formed by sol-gel deposition. 7KH WRS HOHFWURGH3W ȝP7LȝPZDV
then finally deposited by DC magnetron sputtering. The obtained multilayers were etched by dry and wet 
methods. Through mask 1 and 3, the top and bottom electrodes were etched by using Ar ions respectively. 
Using mask 2, the PZT thin film was wet-etched using a mixture of HF, HNO3 and HCl. A ȝPWKLFN
insulating oxide layer was then deposited by RF-magnetron sputtering. Contact hole openings were 
defined through mask 4 and etched by reactive ion etching (RIE) with CHF3 JDV ȝP WKLFN 3WPHWDO
lines, with Ti adhesion layer, were deposited by sputtering, patterned and etched using mask 5 and Ar ion.
With mask 6, the thermal oxide layer, structural Si layer and buried oxide layer were etched by RIE using 
feed gases of CHF3, SF6 and CHF3 respectively. Finally, the Si handle layer and buried oxide layer were 
etched from the backside using DRIE to release the actuator and mirror. The etchant gases used for Si and 
SiO2 are SF6 and CHF3 respectively After the fabrication process, the device is assembled onto a dual in-
line package (DIP), as shown in Fig. 2(b), with a VSDFHUFKLSRIȝPWKLFNLQEHWZHHQWKHGHYLFHDQG
DIP.
(a) (b)
Fig. 2. (a) Microfabrication process flow for making S-shaped PZT actuator and mirror ; (b) A photo showing the packaged PZT 
MEMS mirror on a dual in-line package (DIP). 
4. Results and discussions
(a)         (b)
Fig. 3(a) Semi-log plot illustrating the frequency response of bending and torsional mode at 0.5Vpp; (b) Measured optical deflection 
angle versus voltage peak-to-peak for bending and torsional modes. 
Fig. 3(a) shows the semi-log plot of optical deflection angle (ODA) with respect to ac voltage 
frequency, while 0.5Vpp is applied to the PZT actuator using a function generator. Two peaks are 
observed for bending mode at 27Hz and 230Hz, with ODA of ±3.1° and ±0.96° respectively. For 
torsional mode operation, a single peak is observed at 70Hz, with an ODA of ±0.84°. In Fig. 3(b), the ac 
dynamic responses of the device under bending and torsional modes are investigated. In the biasing setup 
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for bending mode operation, the actuator is excited with an electrical signal of frequency 27Hz and peak-
to-peak ac voltages up to 1Vpp is applied to it. The device achieved an ODA of ±3.1° and ±0.84° when an 
ac voltage of 1Vpp is applied during bending and torsional mode respectively. Fig. 4 shows the 2-D
Lissajous scanning pattern when both ac excitation voltages with frequencies of 27Hz (bending mode) 
and 70Hz (torsional mode) are applied simultaneously to the device.
Fig. 4. 2-D Lissajous scanning pattern obtained when two excitation signals with frequencies of 27Hz and 70Hz and 0.5Vpp each are 
superimposed to bias the S-shaped actuator.  
5. Conclusion
In this paper, preliminary results of a novel piezoelectric-driven 2-D MEMS scanning mirror using a 
single S-shaped PZT actuator is reported. Instead of deploying a 1x10 PZT arrayed actuator design in our 
previous research attempts or multiple meandering PZT actuators for inner and outer frames, our current 
unique design of utilizing only a single S-shaped PZT actuator has successfully demonstrated 2-D
scanning by having two superimposed ac voltages corresponding bending and torsional modes.
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